An electron direct tunneling current model of n + − poly − Si/SiO 2 /p − Si(100) metal-oxide-semiconductor (MOS) capacitors has been developed by considering a parallel-perpendicular kinetic energy coupling, which is represented by the gate electron phase velocity, and anisotropic masses under a parabolic E-k dispersion relationship. The electron effective mass in the oxide and the electron phase velocity in the n + poly − Si gate are the only two fitting parameters to compare calculated tunneling currents to measured ones. It was obtained that the calculated tunneling currents fit well to the measured ones. The electron effective mass in the oxide layer tends to increase with decreasing the oxide thickness. In addition, the gate electron velocity is a constant of 1 × 10 5 m/s. Moreover, the theoretical model offers a simple treatment and an accurate result in obtaining the tunneling current.
INTRODUCTION
It is well known that a condition for the success of the semiconductor industry is the continuous improvement of integrated circuit performance by simply reducing the feature size of the fundamental switching components, metal-oxidesemiconductor field-effect transistors (MOSFETs) [1] . The miniaturization of device dimensions allows the high performance at low costs [2] . In order to reach that purpose, the oxide thickness is supposed to be shrunk to 1.5-1.9 nm when the gate length of MOSFETs is scaled down to 100 nm [3] . However, the tunneling current through very thin gate oxides increases exponentially as the oxide thickness decreases at low applied voltages, whereas the transistor performance is significantly enhanced [4] - [5] . In addition, the huge tunneling current in very large scale integrated circuits causes the power consumption becomes significantly high [6] . Therefore, it is required a precise model to foresee the tunneling current for developing future transistor and circuit design.
A theoretical model of tunneling current in the MOS capacitor had been originated since long year ago. Electron transmittance, tunneling time and current in MOS capacitors have been investigated under an isotropic mass approach and without considering a coupling effect between parallel and perpendicular motions by employing the parabolic E-k dispersion relationship [5] , [7] - [11] . However, the tunneling currents in the MOS capacitor fit well to the measured ones only for the oxide voltages less than 1.5 V and get significantly greater than the measured one at oxide voltages above 1.5 V [5] . The parabolic E-k dispersion relationship becomes commonly used to solve the tunneling problems due to its simplicity. It is known that the non-parabolic E-k dispersion relationship is more accurate than the parabolic E-k dispersion relationship [5] . However, the non-parabolic E-k dispersion relationship is more complicated. Therefore, it is necessary to find the simple and accurate method in describing the tunneling current. * Electronic address: krijal@fi.itb.ac.id
In this paper, we report a theoretical model of tunneling current in n + − poly − Si/SiO 2 /p − Si(100) structures under an anisotropic mass approach and taking into account a parallel-perpendicular kinetic energy components which is represented by the gate electron phase velocity by using the parabolic E-k dispersion relationship. The electron effective mass in the oxide layer and the electron phase velocity in the n + − poly − Si gate, which are two fitting parameters used to fit the theoretical tunneling currents to the measured ones, will be discussed. Figure 1 describes a schematic energy diagram of n + − poly−Si/SiO 2 /p−Si(100) structures at zero bias and a negative bias applied to the n + − poly −Si gate. Here, the barrier width and height are t ox and φ B , respectively, V ox is the oxide voltage, and e is the electronic charge.
THEORETICAL MODEL
Using a simple electrostatic analysis, the potential profile shown in Figure 1 .(b) is mathematically expressed as
where
is the electric field in the barrier. An electron in an anisotropic material under the parabolicband effective mass approximation is given by [12] :
where m 0 is the free-electron mass, p is the momentum vector, α(r) m 0 is the inverse effective-mass tensor, V (r) is the potential energy, and E is the total energy. Since the potential energy is only dependent on the zdirection, the electron wavefunction Ψ(r) is given by Ψ(r) = ψ(z) exp(−iγz) exp(i(k x x + k y y)), where k x and k y are the wavenumbers in the x-and y-directions, respectively. The term γ = (α xz k x + α yz k y ) α zz is the wavenumber in the x-y plane and α i j is the tensor element with i, j ∈ {x, y, z}.
FIG. 1:
Energy band profile of a n + − poly − Si/SiO 2 /p − Si(100) structure without applied voltage (a) and a negative bias applied to the n + − poly − Si gate (b).
Since the total energy E comprises the parallel (the x-y plane) and perpendicular (the z-direction) energies, the wavefunction in the z-direction ψ(z)fulfills the one-dimensional Schrödinger-like equation that is written as
where is the reduced Planck constant. The perpendicular energy E z is then written as
Referring to Figure 1 .(b) and considering that the total energy of electron is constant, the perpendicular energy in region n (n ∈ {2, 3})with respect to that in region 1 is
By substituting Equation (4) into Equation (3), the Schrödinger-like equation in region n is found as
Equation (5) contains the coupling between parallel and perpendicular kinetic energy components of the electron motion in an anisotropic MOS capacitor. The effective potential energy V e f f (z) is written as
where v e is the gate electron phase velocity. This effective potential energy occurs due to the difference of parallel kinetic energies between regions n and 1 due to the difference between the effective masses in the x-y plane of regions n and 1. A complete derivation can be found in Ref. [13] . The electron wavefunction in the z-direction Ψ (z) = ψ (z) exp (−iγz) in each region is given by
Here, µ, η, λ, δ, and χ are constants, and k 1 and k 3 are the wavenumbers in the z-direction in regions 1 and 3, respectively, and expressed as
The arguments ε(z) of the Airy functions Ai and Bi in Equation (7) is
By applying the boundary condition at each interface [14] , the electron transmittance through the barrier is easily obtained as given in Refs. [15] - [16] . The obtained electron transmittance is then utilized to calculate the tunneling cur- rent by using the following equation [5] :
where l is the number of valley, n v and m d are the valley degeneracy and the density-of-states mass per valley, respectively, T (E z ) is the electron transmittance, E F is the Fermi energy of the gate, k is the Boltzmann constant, and T is the temperature. The tunneling current in Equation (11) is easily calculated by employing the Gauss-Laguerre Quadrature method [17] .
CALCULATED RESULTS AND DISCUSSION
There are six equivalent valleys in the conduction band of Si(100), which are divided into three groups of valleys with the tensor elements α i j as shown in Table 1 [18]- [20] . The electron effective mass in the oxide layer, m ox , and the phase velocity of an injected electron from the n + − poly − Si gate, v e , are the only two fitting parameters to compare the measured tunneling current with the theoretical one. In order to verify the present model, we used all parameters and measured current densities from Ref. [5] . Figure 2 shows the calculated tunneling currents obtained using the previous method under parabolic E-k dispersion relationships fit to the measured ones only in the low oxide voltage regime. Moreover, the calculated tunneling currents employing the present method reveals better fitting to the measured ones. This means that the present method including the parallel-perpendicular kinetic energy coupling and Table 1 . Tensor elements αij of Si (100) anisotropic masses offers more accurate calculations for tunneling current in particular at high voltage regimes. For all oxide thicknesses, the fitted value of the injected electron velocity v e is 1 × 10 5 m/s, independent of the oxide thickness. Figure 3 depicts the measured and calculated tunneling currents obtained using the present method under anisotropic masses and considering a coupling between parallel and perpendicular motions by employing the parabolic E-k dispersion relationship, and the previous method without including the parallel-perpendicular kinetic energy coupling and anisotropic masses by using the non-parabolic E-k dispersion relationship. It is shown that the obtained tunneling currents under present method are almost the same as those obtained under the previous method. Noting that the non-parabolic Ek dispersion relationship is more accurate and complicated than the parabolic E-k dispersion relationship as given in Ref. [5] , the present model gives the simple treatment and accurate results in calculating the tunneling current.
FIG. 3:
Measured and calculated tunneling currents using the present method by employing the parabolic E-k dispersion relationship, and the previous method by using the non-parabolic E-k dispersion relationship without including the parallel-perpendicular kinetic energy coupling and anisotropic masses.
As depicted in Figure 4 the fitted value of m ox for t ox thicker than 3.5 nm is consistent with that obtained by Khairurrijal, et al. under parabolic E-k dispersion relationships where m ox = 0.4 − 0.42m 0 [5] . However, for t ox thinner than 2.8 nm, m ox alters from 0.52 to 0.78 m 0 as t ox decreases to 1.65 nm. These imply that m ox tends to enhance as t ox reduces. The fitted value of electron effective mass m ox calculated under the present method differs insignificantly with that obtained under the previous method by using the parabolic E-k dispersion relationship. It means that the present model does not change significantly the fitted effective mass obtained from the previous model. It is shown that the inclusion of the coupling effect represented by the electron phase velocity in the gate to the present model offers better fitting process of tunneling currents especially at high voltage regimes with the simple treatment. 
CONCLUSIONS
We have studied theoretically the electron tunneling current density in the n + − poly − Si/SiO 2 /p − Si(100) MOS capacitor. The transmittance through the barrier is derived by including the effects of a parallel-perpendicular kinetic energy coupling and anisotropic masses represented by the gate electron phase velocity under parabolic E-k dispersion relationships. It has been shown that the measured tunneling current densities are well fitted to the calculated ones by utilizing the electron effective mass in the oxide layer and the gate electron phase velocity as fitting parameters. For oxide thickness thicker than 3.5 nm, the fitted value of the electron effective mass is consistent to that used in previous model in which the coupling between parallel and perpendicular kinetic energies (the gate electron phase velocity) is not taken into account. It has been found that the electron effective mass in the oxide layer tends to enhance with reducing the oxide thickness. In addition, the gate electron phase velocity is 1 × 10 5 m/s independent of the oxide thickness. Furthermore the present model is capable of elucidating the important role of the coupling effect to obtain tunneling currents with the accurate result and simple treatment.
